Introduction
============

Recently, extensive reciprocal interactions between the immune and skeletal systems have been demonstrated, resulting in the establishment of a new interdisciplinary research field, named "osteoimmunology", which is focused on the understanding of the crosstalk between the immune and bone systems \[[@R1]-[@R3]\].

In particular, osteoimmunology investigates how the immune system impacts on bone turnover in physiological and pathological conditions through the immunoskeletal interface \[[@R1]\]. Researchers recently hav-Egained better understanding of the dialogue between immune and bone cells and a new reading register of bone remodeling is emerging, in which the various phases of bone formation and resorption, that coexist in a dynamic equilibrium, are under strict immunological control \[[@R2]\]. Bone and immune system are functionally integrated through complex homeostatic networks and, in all respects, osteoporosis could be considered a chronic immune mediated inflammatory disease which shares clinical and biological features with many other inflammatory conditions \[[@R3]\], as well as of other immune mediated diseases. In this context immune and bone systems appear to be integrated and sharing signaling pathways and regulatory mechanisms whose understanding provides a framework for obtaining new insights for the discovery of novel treatments for diseases related to both systems.

Thus osteoimmunology appears definitely as an interdisciplinary research and clinical field which also allowed new pathogenetic and clinical interpretations of well-known and common diseases, such as osteoporosis \[[@R4]\]. Its fields of interest are constantly expanding, thus enriching with an increasing number of translational implications, even in clinical practice and in various branches of medicine. Here, the most important concepts in osteoimmunology are addressed in the context of physiopatological states bridging these two organ systems, including osteoporosis, ageing, menopause, inflammatory arthritis, cancer, dysmetabolism and neurological disorders. Purpose of this review is to outline a new panorama of osteoimmunology that is not limited to immune mediated bone turnover but also consider, in the light of the latest findings in this field, interesting connections with other systems and regulatory functions over bone remodeling.

Cellular and molecular mechanisms of bone remodeling
====================================================

The Basic Multicellular Unit
----------------------------

Bone is a dynamic tissue formed by a protein and mineral salt matrix in which are embedded the bone cells, osteocytes (OCy), osteoblasts (OB) and osteoclasts (OC). In addition, many other types of cells take part in bone composition, including cartilage, stromal, hematopoietic and mesenchimal stem cells, all linked by a dense network of signals. Antagonistic signaling between skeletal stem cell-derived subsets is a key mechanism in skeletal subset lineage commitment \[[@R5]\]. Bone tissue undergoes continuous adaptation during lifetime to preserve the structure of the skeleton and to control the mineral homeostasis. Bone turnover requires two coordinated processes: bone formation, driven by OB and bone resorption, mediated by OC \[[@R6]\].

OCy, through a complex network of tiny channels, transmit mechanical and microtraumatic signals leading to the activation of repair processes. They exert a fundamental role in the control of OB and OC functions. Moreover, OCy synthesize the bone matrix proteins which, along with the mineral component, determine the quality of the bone \[[@R1]\].

OB are the precursors of Ocy, i.e, the structural cells in the bone, and interact with OC to drive their differentiation and function. The mesenchymal stem cell (MSC) from which the OB originate, can also give rise to chondrocytes, marrow stromal cells, and adipocytes. There are multiple subpopulations of perisinusoidal mesenchymal stem/progenitor cells (MSPCs), that have specific relationships with the different kinds of niche, *i.e.* the surrounding microenvironment in which the self-renewal and multilineage stem cells proliferate and differentiate \[[@R7]-[@R9]\]. The stem cells that maintain and repair the postnatal skeleton is an osteochondroreticular (OCR) stem cell that generate OB, chondrocytes, and reticular marrow stromal cells, but not adipocytes. They are characterized by the expression of the bone morphogenetic protein (BMP) antagonist gremlin 1 (Grem 1). The perisinusoidal MSC population also contains Nes-GFP, leptin receptor (Lepr)-cre and CD146 expressing cells with osteogenic and adipogenic potential \[[@R10]\].

The osteoblast precursor cells (OBP) after increasing the osteopontin receptor (CD44) and the receptor for stromal cell-derived factor 1 - SDF1 (CXCR4) expression, migrate and become mature OB, attracted by vascular endothelial cells expressing SDF1 along chemotactic gradients into regions of bone formation \[[@R11]\].

OC are multinucleated myeloid cells, specialized to remove mineralized bone matrix through the production of lysosomal enzymes, such as tartrate-resistant acid phosphatase (TRAP) and catepsin k, against which a selective inhibitor (odanacatib) has been recently synthesized to be employed in osteoporotic patients \[[@R12]\]. They derive from a bone marrow precursor which gives rise also to professional antigen presenting cells (APC), *i.e.* dendritic cells and macrophages. OC may be therefore considered specialized immune cells.

OB, OCy and OC continuously communicate with each other to optimize the quality of the bone. For example, OB provide essential signals for the differentiation of the myeloid lineage precursors of OC by producing macrophage colony-stimulating factor (M-CSF), receptor activator of nuclear factor-kB (NF-kB) ligand (RANKL) and other co-stimulatory factors \[[@R13]\].

The Receptor Network
--------------------

The binding of RANK receptor on OC and their precursors by its ligand RANKL, expressed by OB and stromal cells, is the main activation signal for bone resorption. The OB derived M-CSF links to its receptor c-fms on the surface of osteoclast cell precursors (OCP), enabling the RANK/RANKL signal. Osteoprotegerin (OPG) inhibits osteoclastogenesis by acting as a decoy receptor of RANKL, thus preventing bone resorption \[[@R14]\].

RANK receptor on OC, through the adapter protein tumor-necrosis-factor-receptor-associated factor 6 (TR-AF6), bound to its cytoplasmic tail, activates NF-kB and other transcription factors, such as MAPKs, c-fos, activator protein 1 (AP1), up to nuclear factor of activated T cells (NFATc1), the hub of various signaling pathways. Simultaneously, the activation of RANK induces the phosphorylation of Ig-like receptor associated adaptor proteins, such as the immunoreceptor tyrosine-based activation motif (ITAM) and Fc-receptor common gamma (FcRγ) subunit. In the nucleus NFATc1, together with other transcription factors, such as AP1, PU.1, microphthalmia-associated transcription factor (MITF) and cyclic AMP responsive-element-binding protein (CREB), induces OC specific genes, including those codifying for calcitonin receptor, cathepsin k and TRAP, leading to OC differentiation and proliferation \[[@R15],[@R16]\].

Many other receptor pathways interact with RANK, some costimulators and amplificators, others inhibitors and modulators, and many of these are shared by immune cells. An inhibitor receptor system for RANK signal is ephrin (Eph) B2/B4. EphB2 receptor on OC, stimulated by EphB4 ligand on OB, inhibits the OC differentiation blocking c-fos and the NFATc1 transcriptional cascade. A peculiar property of this membrane receptor complex is its capacity to control bone turnover through bidirectional signals: the cell expressing the receptor and the one that expresses the ligand influence each other at the same time. Therefore, EphB4 activation on OB, through the induction of osteogenetic regulatory genes, contemporaneously favours the coupling of bone formation and resorption \[[@R17]\]. The canonical Wingless (Wnt)/β catenin pathway, involved mainly in the response to mechanical load, promotes differentiation, proliferation and mineralization activity of OB and also inhibits their apoptosis. It encompasses a family of proteins that bind to complex transmembrane receptors, formed by the association of Frizzled (Fz) proteins and low density lipoprotein related receptors (LRP-5, LRP-6) which stabilize the β-catenin substrate that concentrates in the cytosol and migrates into the OBP nucleus to regulate the transcription of target genes to induce OB differentiation and bone formation.

The entire osteoblastogenesis is affected by the canonical Wnt pathway. Wnt signaling inhibits MSC commitment towards adipogenic and chondrogenic lineages, stimulating the differentiation towards osteoblastogenesis. Wnt-β-catenin signaling also indirectly inhibits osteoclastogenesis and bone resorption by increasing OPG secretion in OB and OCy \[[@R18],[@R19]\].

The BMP pathway acts as a Wnt associative stimulator signal in skeletogenesis by expanding primitive mesenchymal cells and thus laying the foundation for subsequent endochondral ossification \[[@R10]\]. At the same time, various natural inhibitors, produced both by OB and OCy, exert a negative feed-back control on Wnt system, such as the Wnt/β-catenin signaling pathway inhibitor Dickkopf Homolog-1 (DKK-1), the secreted frizzled related protein (sFRP) and the sclerostin, synthesized by the SOST gene, which binds to LRP5/6 receptors \[[@R19]\]. The inflammatory cytokine tumor necrosis factor-α (TNF-α) induces OB apoptosis and reduces osteoblastogenesis by stimulating DKK-1 and Sost expression. Cortison augments DKK-1 and sFRP expression thus suppressing the Wnt/β-catenin signal on OB inducing osteoporosis. An anti-sclerostin MoAb has recently been produced as a new osteoanabolic drug useful in the therapy of osteoporosis \[[@R20]\]. Other potential osteoanabolic drugs acting on the Wnt pathway are also DKK inhibitor molecules, now in the experimental stage \[[@R19]\].

Crosstalk between the immune and bone system: the immunoskeletal interface
==========================================================================

Shared Signaling Pathways
-------------------------

Both clinical observations and basic research demonstrated that mediators driving inflammatory processes are also closely involved in bone remodeling. Inflammation and bone turnover share the same mediators, such as cytokines and transcription factors. Various molecules mediating communication between bone cells have been identified and several immunological mediators are involved in this crosstalk.

T lymphocytes resident in the bone marrow are the key immune cells that regulate bone remodeling and responsiveness of bone cells to parathyroid hormone (PTH), in physiological and pathological conditions. During inflammatory diseases or in conditions characterized by low-grade systemic inflammation, such as menopause and aging, OC bone resorption is driven by inflammatory cytokines produced by activated T lymphocytes. However, bone marrow T cells also support bone homeostasis by inducing bone formation *via* direct interactions with bone cells. Two mechanisms are involved: the binding of T cell costimulatory molecules to their counter receptors on bone cells and their precursors, and the release of cytokines and Wnt ligands that activate Wnt signaling in osteoblastic cell lineage. The final effect of T lymphocytes on bone depends on their activation state and their specific phenotype. The prevailing bone marrow T cells are activated central memory CD8+ lymphocytes, secreting relatively high levels of effector cytokines, mainy TNF-α. These cells are abundant in postmenopausal women with osteoporotic fractures. T helper (Th17) cells are capable of stimulating bone resorption and play a pivotal role in the bone loss of inflammatory conditions such as psoriasis, rheumatoid arthritis, periodontal disease, and inflammatory bowel disease. T regulatory (Treg) cells inhibit osteoclastogenesis and support bone formation. Th17 cells induce osteoclastogenesis by secreting interleukin (IL)-17, RANKL, TNF-α, IL-1, and IL-6, along with low levels of IFN-γ. Moreover, IL-17 stimulates the release of RANKL by OB and OCy and upregulate RANK expression on OC. Treg exert anti-osteo-clastogenic activity by producing suppressor cytokines, including IL-4, IL-10, and TGF-β \[[@R21]\].

Immune activation may directly induce osteoclastogenesis and bone resorption through RANKL. For example it is interesting to note how even the cells of the immune sytem, mainly activated T and B lymphocytes and dendritic cells, express RANKL. Moreover, RAN-KL, the principal osteoclastogenic mediator, stimulates bone resorption through the NFATc1, which is also a crucial factor in the immune system regulation \[[@R13]\].

RANKL, initially regarded as activator of APC by T lymphocytes, also plays an important role in the generation of Treg, which suppress the development of CD8+ lymphocytes into cytotoxic cells.

The expression of RANKL on T lymphocytes is also central for the differentiation of medullary epithelial cells which are responsible for self-reactive T lymphocyte negative selection in the thymus. Thus, depending on the context in which it acts, RANKL can stimulate or suppress immune reactions \[[@R3]\]. Other examples of shared receptor signals are the immunoglobulin (Ig)-like receptors which amplify the NFATc1 signal. The Toll like receptors (TLR), stimulated by pathogen associated molecular patterns (PAMP), utilize TRAF6 in their cascade signaling \[[@R22]\]. TLR are able to activate both the synthesis and release of proinflammatory and osteoclastogenic cytokines from immune cells, leading to bone resorption stimulation. Their involvement in the bone remodeling process provides a further key in the comprehension of the osteoporosis of infectious diseases.

The osteoclast associated receptor (OSCAR), which belongs to the Ig-like receptor family, mediates interactions between OB and OC \[[@R23]\] and is also involved in the regulation of both the adaptive and innate immunity. It associates with the adaptor molecule FcRγ subunit, which harbors an immunoreceptor tyrosine-based activation motif (ITAM) critical for calcium signaling activation in the immune system \[[@R24]\].

Also, the ITAM-harboring adaptor DAP12 plays a role in OC differentiation and function \[[@R35]\]. Therefore, receptors such as DAP12 and Ig-like receptors associated with FcRγ, initially characterized in myeloid cells and in natural killer lymphocytes, are also involved in RANK induced osteoclastogenesis \[[@R25]\].

TNF induces the expression of OSCAR and other receptors important for OC differentiation on the surface of monocytoid peripheral blood cells \[[@R26]\]. Other membrane receptors of the monocyte lineage downregulate OC differentiation. For example, CD80/CD86 blocks OC generation by binding to CTLA4, an inhibitory molecule of the monocyte induced T lymphocyte costimulation, which is highly expressed on Treg surface \[[@R27]\].

Cathepsin K is expressed in OC and plays a central role in the degradation of bone matrix components, such as type I collagen. In addition to osteoclastic bone resorption, cathepsin k is also implicated in dendritic cell activation through TLR 9. Moreover, cathepsin k supports the secretion of IL-6 and IL-23, inflammatory cytokines involved in the production of Th17 cells, which in turn promote osteoclastic bone resorption \[[@R28]\].

Eph receptors and their associated ligands, expressed by cells found within the bone marrow microenvironment, including OB and OC, are implicated in the regulation of physiological and pathological bone remodeling \[[@R29]\], but also are central in many other different cellular processes including, in addition to immune regulation, angiogenesis, neuronal development and neoplastic metastatization.

Osteoclast semaphorin 4D sustains bone resorption by inhibiting osteoblastogenesis. Since Sema4D also regulates a variety of immune functions, such as antigen presentation, B lymphocyte activation and chemotaxis of monocytes, it could be regarded as an osteoimmunological mediator \[[@R30]\].

The matrix glycoprotein osteopontin (OPN), produced by different types of cells, including immune cells, OC, endothelial and epithelial cells, increases bone resorption by inducing the expression of the osteoclastic immune receptor CD44, essential for cell migration, and by directly enhancing OC attachment to bone extracellular matrix (ECM), required for OCP activation. As a consequence of bone resorption, more OPN is further released from the ECM into the bone microenvironment and into the blood, thus amplifying local and systemic osteoclastogenesis \[[@R31]\].

RANKL and CD40L expressed on T cells, APC, stromal cells and OB, activate the cognate receptors RANK and CD40 in OCP and OB, respectively. CD40/CD40L signaling promotes macrophage activation and differentiation, antibody isotype switching, and the development of B cell memory. CD40 activation in B cells promotes their OPG production thereby decreasing bone resorption. CD40L also increases the commitment of MSC to the osteoblastic lineage. Through CD80/86 signaling in OCP, T cells suppress OC differentiation \[[@R21]\].

Parathyroid Hormone, Lymphocytes and Bone
-----------------------------------------

PTH is an endocrine regulator of calcium and phosphorus metabolism. Primary hyperparathyroidism induces accelerated bone loss, increased bone turnover and osteopenia. Secondary hyperparathyroidism is involved in the pathogenesis of senile osteoporosis. Boh these conditions are mimicked by continuous PTH infusion (cPTH), whereas daily or intermittent PTH injection (iPTH), therapeutically employed in several osteoporotic conditions, stimulates bone formation \[[@R32]\].

PTH binds its receptors (PPR) on stromal cells, OB, and OCy but also on T cells and macrophages. The catabolic effect of cPTH is mostly mediated by enhanced production of RANKL and decreased production of OPG by OB and stromal cells. The PTH anabolic effect is mediated by Wnt signaling activation: PTH increases β-catenin levels in OB, promotes LRP6 signaling and decreases the production of sclerostin \[[@R21]\]. cPTH stimulates bone cells and immune cells to release growth factors and cytokines, including IL-6 and TNF-α, which induce Th17 cell differentiation and the production of IL-17, that plays a pivotal role in the PTH induced bone loss \[[@R21]\]. TNF-α in turn stimulates OC formation and activity *via* multiple mechanisms, including increased RANKL production. Moreover, TNF-α upregulates the expression of CD40 in OB and stromal cells, increasing their sensitivity to cPTH and suppressing OPG. Bone marrow T cells provide cell surface signals and secrete cytokines that direct the differentiation of mesenchimal progenitors towards OB characterized by a high sensitivity to PTH. Therapy with teriparatide, a form of iPTH treatment, increases the bone marrow levels of Wnt10β. Bone marrow CD8+ T cells potentiate the anabolic activity of PTH by providing Wnt10β \[[@R32]\].

Cytokine and Cell Network
-------------------------

Inflammation results in disturbances in the immunoskeletal interface, *i.e.* the convergence of cells and cytokines that regulate both the immunity that the bone, causing osteoporosis \[[@R33],[@R34]\]. The inflammatory cytokines TNF-α, IL-1, IL-6 and IL-17 are crucial in acute and chronic inflammation and strong inducers of bone resorption. Cytokines involved in bone remodeling and their main effects are summarized in Table **[1](#T1){ref-type="table"}**. An excessive or abnormal immune activation can induce osteoporosis, as for example in autoimmune diseases, infections and also in senile and postmenopausal osteoporosis. All these conditions go along with an increased inflammatory background and the presence of RANKL producing activated T cells.

However, in addition to osteoclastogenic cytokines, there are also cytokines which counteract bone resorption and exert osteoblastogenic properties, resulting in a complex bone remodeling cytokine network \[[@R56]\]. Each cytokine has also pleiotropic functions and it is therefore not surprising that same cytokines can exert different and often contrasting effects depending on the specific context in which they act, the maturation stage of target cells and/or the influence of other cytokines. For example, the pleiotropic cytokine IFN-γ exerts anti-osteoclastogenic effects in physiological bone remodeling, by binding to specific OC receptors and inducing TRAF6 proteosomal degradation with consequent inhibition of the transduction signal mediated by RANKL. However, in postmenopausal osteoporosis, inflammation or infections, the final effect of IFN-γ is skewed towards bone resorption through T lymphocyte activation and RANKL expression. In fact, IFN-γ is a powerful stimulator of class II major histocompatibility complex (MHCII) antigen expression on APC, with consequent increased stimulation of T cells through their antigen specific receptor (TCR), inducing further immune activation and production of osteoclastogenic proinflammatory cytokines \[[@R35]-[@R40]\].

A cascade of cytokines drives OCP homing, differentiation and activation \[[@R41]\]. Circulating bone marrow produced OCP function as a tank of progenitor cells for several effector cells, in relation to the different cytokines implicated. Furthermore, OCP are also capable of producing proinflammatory cytokines amplifying inflammatory processes. The OCP secreted chemokines preferentially recruit CD8 T lymphocytes. The activation of CD8 T cells by OC induces IL-2, IL-6, IL-10 and IFN-γ production. Individually, these cytokines can activate or suppress OC resorption. OCP can also enhance the expression of the suppressor of cytokine signaling (SOCS) \[[@R42]\].

Treg, whose main marker is the transcription factor FoxP3, balance IL-17 induced bone resorption closely interacting with OC and expressing CTLA-4, which in turn inhibits OC activity \[[@R43]\]. Endothelial cells, activated by IL-1 and TNF-α, attract circulating OCP at sites of inflammation where they migrate through high endothelial venules driven by the expression of cell adhesion molecules (CAM), such as ICAM-1 and CD44. These CD14+ monocytoid cells, under the stimulation of RANKL, become activated bone resorbing OC \[[@R44]\].

Resident tissue macrophages of bone, termed osteal macrophages, are predominantly located adjacent to OB. Osteal macrophages play diverse roles in skeletal homeostasis, their specific functions depending on the macrophage subset considered. They are key mediators of fracture repair. A central function of macrophages is their phagocytic ability. In particular, efferocytosis (phagocytosis of apoptotic cells) is a critical process in both clearing dead cells and replacement of progenitor cells to maintain bone homeostasis \[[@R45]\].

Finally, not only the immune system regulates bone remodeling, but also the bone is able to influence the immune system, actively interacting with immune cells. The same bone cells would then be able to influence or even also perform many immune functions, such as cytokine production and antigen presentation \[[@R46]-[@R48]\]. In this sense, the bone would be regarded as a sort of expanded immune system.

Cytokines secreted by bone cells drive naive T cell differentiation into several lineages, leading to expansion of mature T cell populations that further regulate bone homeostasis. OC selectively recruit and activate CD8+ T cells expressing CD25 and FoxP3 (OC-induced regulatory CD8 T cells). In turn, these CD8+ Treg cells suppress bone resorption, decrease inflammatory/osteoclastogenic cytokine production, and stimulate bone formation, creating a regulatory loop: OC and RANKL induce Treg, and then Treg blunt osteoclastic bone resorption \[[@R21]\].

CXCL12 expressing osteolineage cells influence B cell progenitors and OCy affect thymic function. Osteocalcin, expressed on mature bone cells, regulates the production of thymic-seeding T lymphoid progenitors. Mesenchimal skeletal progenitor cells exhibit immunomodulatory profiles. They secrete a variety of proinflammatory and immunosuppressive factors. A subset of mesenchimal cells expressing Osterix, a marker of bone precursors, regulate the maturation of early B lymphoid precursors by promoting pro-B to pre-B cell transition through insulin-like growth factor 1 (IGF-1) production \[[@R49]\]. Skeletal stem cells are also able to recruit and activate neutrophils *via* the release of IL-6 and IL-8, IFN-β, GM-CSF and MIF \[[@R50]\]. They inhibit B cell proliferation, differentiation, and antibody production, and can also directly inhibit T cell function, rendering them anergic or shifting their phenotype to that of functional regulatory cells. MSC induce macrophages to switch from classically activated proinflammatory (M1) to alternatively activated anti-inflam-matory (M2) phenotype, and inhibit mast cell degranulation attenuating allergic reactions \[[@R51]\]. MSC express active TLR, through which they sense bone microenvironment, recognizing exogenous (bacterial products) and endogenous (heat shock proteins, RNA) danger signals. The common TLR signaling feature is the activation of the NF-κ B transcription factors implicated in controlling the expression of inflammatory cytokines and cell maturation molecules \[[@R50]\].

Osteoporosis and inflammation: the lesson of rheumatoid arthritis
=================================================================

Osteoporosis is a systemic disease of the skeleton, whose main features are loss of bone mass, bone mineral density (BMD) decrease and disruption of bone microarchitecture, so the skeleton becomes fragile, exposing patients to increased risk of fractures \[[@R2],[@R4]\]. Aside from senile and postmenopausal osteoporosis, the first recognized types of primary osteoporosis, many other causes of secondary osteoporosis have been subsequently recognized, for example vitamin D and calcium deficits, lack of sun exposure, immobility, drugs such as cortisone, malabsorption syndromes, endocrine and dismetabolic diseases such as diabetes, disthyroidisms, hypercortisolism, and so on \[[@R52]\]. Only later, clinical and experimental findings evidenced a close connection between osteoporosis and immune mediated inflammatory conditions, for example, rheumatoid arthritis (RA) \[[@R53]\] and acquired immune deficiency syndrome (AIDS) \[[@R54]\], and a common inflammatory background has been finally discovered as pathogenetic factor even in conditions of major osteoporotic risk, such as old age \[[@R55],[@R56]\] and estrogen deficiency \[[@R57]-[@R59]\]. More recently, other unpredictable pathological conditions, such as obesity, are coming out as potential osteoporotic risk factors. Even in these cases, the main pathogenetic mechanism leading to bone tissue alteration seems to be inflammation \[[@R60]\]. From this point of view osteoporosis could be therefore regarded as an immune mediated disease in which immune activation, through the induction of cytokine production and inflammation, leads to a remodeling of OC and OB activity and dysregulation of bone turnover with consequent increased bone resorption and osteoporosis.

Paradigmatic examples of the link between inflammation and osteoporosis are inflammatory arthritis, mainly RA (Fig. **[1](#F1){ref-type="fig"}**). RA is an autoimmune disease that is characterized by inflammation of the synovial joint, leading to severe structural damage and bone destruction. An increased bone resorption is the main pathogenetic mechanism in both disease progression leading to juxta-articular bone erosions and irreversible joint damage and systemic osteoporosis. Bisphosphonates, drugs used for some time in the therapy of osteoporosis, are potent inhibitors of OC activity both in the primitive and secondary osteoporosis, such as that associated with autoimmune diseases \[[@R61],[@R62]\]. A decreased BMD in the spine and hip and higher prevalence of osteoporosis have been described in RA patients \[[@R63]\]. In early untreated RA, BMD is related to longer symptom duration, the presence of rheumatoid factor (RF) and cyclic citrulinated peptide antibodies (anti-CCP), disease activity score, and the presence and progression of joint damage \[[@R1], [@R19]\]. Bone is therefore a target of inflammation in RA. Monoclonal antibodies (MoAb) against various proinflammatory cytokines and their receptors, such as TNF-α, are useful in preventing and/or reversing bone erosions as well as systemic osteoporosis \[[@R64]\].

Autoimmune reactions induce RANKL expression and subsequent osteoclastogenesis. That the RANK/ RANKL/OPG pathway is central to the osteoporosis pathogenesis is confirmed by the elevated antiresorptive capacity of denosumab, an anti-RANKL MoAb, utilized in osteoporosis therapy \[[@R65]\]. Activated immune cells at sites of inflammation produce a wide spectrum of proinflammatory and osteoclastogenic cytokines, resulting in bone erosions, osteitis, and peri-inflammatory and systemic bone loss. Local peri-inflammatory bone loss and osteitis occur early and precede and predict erosive bone destruction in RA \[[@R66]\]. Moreover, peri-inflammatory bone formation is impaired, resulting in non-healing of erosions, and this allows a local vicious circle of inflammation between synovitis, osteitis, and local bone loss. OC have a central role in RA pathogenesis. RANKL is highly expressed in the RA synovium, and inflammation-mediated bone damage is largely attributable to its abnormally high expression.

In addition to activated T lymphocytes and macrophages, a pivotal role in inducing bone erosions is also played by RANKL-expressing B cells, as highlighted by the observation of the therapeutic effect of anti-CD20 antibody in RA \[[@R67],[@R68]\].

CD4+T-cells, especially Th17 cells, play a prominent role, particularly in the initiation of systemic immune response in RA. The interaction between immune and mesenchymal cells in joints, including synovial fibroblasts, which are characterized by hyperproliferative and hyperactive properties in response to an inflammatory environment, is of paramount importance in rheumatoid inflammation \[[@R69],[@R70]\]. In [Fig. (**2**)](#F2){ref-type="fig"} the role of Th17 lymphocytes in RA is illustrated.

Synovial cells in RA hyperproduce both inflammatory cytokines and matrix degrading enzymes. Thus, in the affected joints, hyperplasia of the synovial membrane is characterized by both hyperproliferation of synovial fibroblasts and massive infiltration of inflammatory immune cells, including CD4+ T cells and innate immune cells.

Autoimmune diseases, including arthritis, often result from an imbalance between Treg cells and Th17 cells. The Th17 cells derived from Foxp3+ T cells in RA comprise a novel Th17 cell subset with a distinct pattern of gene expression and arthritogenic properties. The T cell-synovial fibroblast interaction amplifies the local immune dysregulation. The fate of plastic Foxp3+ T cells may be a key determinant of the Treg/Th17 balance that is critically involved in the self-tolerance and autoimmunity \[[@R71]\].

Mesenchymal cells are a determinant of the development of RA that links the systemic immune response and the local disorder in the joints. Mesenchymal cells contribute to the Th17 mediated chronic inflammation by promoting the migration of Th17 cells to the inflamed joint and concomitant increase in IL-17 production. Th17-related cytokines enhance osteoclastogenesis, mainly *via* synovial fibroblasts. Thus, the interaction of immune and mesenchymal cells plays a key role in both the chronic inflammation and bone destruction in RA. In particular, pathogenetic autoreactive immune cells migrate into joints and activate the mesenchymal cells resident in joint, such as synovial fibroblasts. Moreover, since soluble inhibitors of the Wnt pathway, such as DKK-1, produced by synovial fibroblasts, are upregulated by TNF-α, antibodies against DKK1 could be able to both promote bone formation and prevent bone erosions in RA \[[@R72],[@R73]\].

Menopausal and senile osteoporosis
==================================

Osteoporosis has long been regarded as simply the consequence of the menopausal estrogen decline. Os-

The progression of articular erosions is clearly driven by proinflammatory and osteoclastogenic cytokines produced by immune cells in the inflamed joint. Both activated lymphocytes and macrophages stimulate osteoclast differentiation by producing proinflammatory mediators. Activated lymphocytes of the synovial pannus overexpress RANKL and TNF-α that stimulate bone marrow CD11b+ OCP to proliferate and enter the bloodstream where they themselves produce inflammatory factors amplifying inflammation. Activated macrophages in the inflamed joints produce various chemokines which drive the localization of periarticular bone OCP. The stimulation of osteoclastogenesis induced by the high concentrations of RANKL and TNF-α results in bone resorption. In addition, TNF-α decreases the formation of bone tissue by enhancing OB apoptosis.

Th17 cells in the synovial pannus are IL-17 producing helper lymphocytes. These cells do not produce antiosteoclastogenic cytokines, such as IFN-γ or IL4, while expressing high levels of RANKL and secrete IL-17, that in turn stimulates OB, synoviocytes and fibroblasts to express RANKL, and induces macrophages to produce proinflammatory cytokines, such as TNF-α and IL-6 in the synovium amplifying local inflammation. IL-17 also induces the synthesis of enzymes capable of degrading the bone matrix such as matrix metalloproteinases (MMP). These effects are balanced by Treg that inhibit bone destruction by suppressing OC formation through both cell-cell contact and the secretion of inhibitory cytokines such as TGF-β, IL-4 and IL-10.

teoimmunology, suggesting that immune cells take part in the bone changes typical of menopause, has led to a shift in the concept of osteoporosis, that is currently considered an inflammatory condition \[[@R74],[@R75]\]. Post-menopausal osteoporosis is a clear example of the mutual influences between immune system, bone and endocrine system. Like many other hormones, in addition to specific target organs (breast and reproductive system), estrogens have their receptors also on immune cells and bone, as well as on bone marrow precursors. [Fig. (**3**)](#F3){ref-type="fig"} shows the effects of estrogen deficiency on cells and molecules involved in bone metabolism. Menopausal estrogen decline leads to proliferation and activation of T cells by increasing MHCII expression on monocytes and APC function and by inhibiting T cell apoptosis. These effects leads to the expansion of activated T lymphocytes resulting in hyperproduction of inflammatory cytokines and chronic OC stimulation which is responsible for bone loss and increased fracture risk \[[@R76],[@R77]\].

Maintenance of inflammatory reactions leading to bone resorption and skeletal fragility is also present during senescence and inflammaging (Fig. **[4](#F4){ref-type="fig"}**), that is the condition of chronic inflammation characterizing aging, as the result of the immune system's ability to cope with stressors. Inflammaging is now considered the background of a broad range of age-related diseases with an inflammatory pathogenesis \[[@R78]\]. Many of the biological mechanisms implicated in the aging process, such as cell senescence, proinflammatory immune profile, apoptosis and metabolism imbalance, are also implicated in bone remodeling. Also in the absence of overt inflammatory diseases, the heightened catabolic signals induced by inflammation enhance apoptosis of OB and muscle cells, causing both osteoporosis and sarcopenia. During aging, the lifelong exposure to oxidative stress and chronic antigenic load leads to the loss of the regulatory process which counteracts T cell activation induced bone resorption \[[@R79]\]. In aged people, lipid oxidation mediated by ROS increased production and Wnt signaling suppression, contribute to bone formation decline. Oxidized polyunsaturated fatty acids induce the association of PPAR with β-catenin and promote its degradation. Oxidized lipids also potentiate oxidative stress, enhance OB apoptosis and inhibit BMP-2 induced OB differentiation. Antioxidant agents seem to have some action on bone remodeling: resveratrol decreases NF-k activation induced by RANKL and OC differentiation and also promotes osteogenesis in MSC *via* the Sirt1/FoxO3 axis stimulation \[[@R80]\]. During senescence, besides the impaired Treg function, the number of effector memory cells is increased \[[@R81]\]. These are senescent cells with proinflammatory properties, secreting several inflammatory cytokines able to influence bone remodeling. Interestingly, this immunological pattern (accumulation of activated cells and memory/effector lymphocytes secreting proinflammatory cytokines) characterizing immunosenescence, is also peculiar of other immunological conditions associated with osteoporosis, such as RA, AIDS, chronic viral infections, *etc.* \[[@R54]\].

Correlations with other systems and functions
=============================================

The already complex cross-talk between bone and immune system is further expanding as they emerge new mediators involved. Interestingly, the scenario of osteoimmunolgy is increasingly including interconnections with other organs and systems, therefore influencing several homeostatic functions in addition to bone turnover and immunity, such as hemopoiesis, metabolic and neuro-endocrine functions.

Hemopoiesis and Tumour Growth
-----------------------------

The crosstalk between skeletal and bone marrow is crucial to hematopoietic stem cell (HSC) function and throughout the hemopoiesis \[[@R3]\]. HSC occupy specific locations in the bone marrow microenvironment, commonly referred to as niches, comprising multiple cell types able to regulate HSC proliferation and differentiation. Both HSC and the cells of the niches are heterogeneous \[[@R7]\]. Hematopoietic and skeletal stem cell homeostasis are closely related: MSC progeny express numerous cytokines necessary for HSC maintenance and hematopoiesis, including Kit ligand and stromal-derived factor, but also stem and progenitor cells of the hematopoietic system may reciprocally regulate skeletal progenitors by expressing myriad factors associated with skeletogenesis, whose cognate receptors are highly expressed by skeletal stem cells. Interestingly, these latter exhibit receptors to circulating hormones, such as leptin and thyroid-stymulating hormone, suggesting that skeletal stem cells and their progeny may link systemic exocrine regulation to both skeletal and hematopoietic system \[[@R5]\]. Primitive mesenchymal progenitors are more critical for HSC function, whereas lineage-restricted mesenchymal cells control more committed hematopoietic progenitors \[[@R49]\]. Bone microenvironment is therefore a composite of specialized niches providing distinctive functional units to regulate hematopoiesis.

Menopause leads to relevant immune and skeletal changes due to the estrogen decline. The estrogen deficiency induces a marked increase of inflammatory cytokines and mediators of inflammation, in particular IFN-γ, M-CSF, TNF-α, IL-1, IL-6 and IL-7, in addition to prostaglandins (PGE) and reactive oxygen species (ROS), which play a driving role in the development of osteoporosis. Of particular interest is the expansion in the peripheral blood from postmenopausal women of two particular lymphocyte subsets, CD3+ CD56+ T lymphocytes, major producers of TNF-α, and B220+ IgM-B lymphocyte precursors, that under certain stimuli can differentiate into OCP and are strong producers of inflammatory cytokines. The enhanced TNF-α production by activated T cells has a central role in bone loss due to estrogen decline in menopausal women. The same IFN-γ, which in some situations could be protective against osteoporosis, during estrogen deficiency has a prevailing osteoclastogenic stimulating action. The estrogen decline also results in the decrease of OPG and TGF-β that normally contrast the effects of inflammatory mediators on bone.

Immunosenescence and osteoporosis share the same immune profile. The age-related increase of inflammatory cytokines results from a chronic activation of macrophages and memory/effector T cells, in addition to an impaired Treg function. A peculiar finding of immunosenescence is the increased number of senescent memory cells expressing RANKL and secreting osteoclastogenic cytokines, mainly TNF-α, IL-1, IL-6 and IL-17. These cytokines are able to facilitate OCP expansion which amplify the systemic inflammation by producing further proinflammatory factors able to recruit other inflammatory cells and perpetuating the flogistic vicious cycle. Both the increased transcriptional activity of NF-kB due to genotoxic, inflammatory, and oxidative stresses in aging, and the chronic p53 activation induced by the age-related progressive loss of telomere length, result in impaired OB proliferation and osteoporosis development.

Cells of the immune system and bone cells derive from bone marrow precursors and develop in the same bone marrow microenvironment. Hematopoietic and immune cells share same signaling pathways with cells of the bone and their precursors, which surprisingly do not take part in the regulation of immunity and hemopoiesis \[[@R2]\].

OB, together with MSC, are crucial components of the niche of growth of HSC. OB overexpression of the WNT antagonist Dkk1 reduces WNT signaling in HSC and disrupts HSC self-renewal potential \[[@R85]\]. The WNT antagonist secreted frizzled-related protein 1 (Sfrp1) is involved in osteoblastic mediated HSC regulation; through its regulation of OB, PTH controls the hematopoietic niche function, involving crosstalk with WNT signaling \[[@R86]\]. The upregulation of Notch ligand protein jagged-1 (Jag1) expression in OB and the increased Notch signaling are involved in increasing HSC numbers; angiopoietin-1 receptor activation on HSC by OB produced angiopoietin-1 promotes strict adhesion of HSC to the niche, inducing quiescence of these cells. Osteopontin, an OB-secreted protein, participates in HSC location and is a negative regulator of their proliferation. Also, OCy derived from OB that become embedded within the bone matrix, are involved in the complex regulation of hemopoiesis through the osteoimmune interface: mainly by the production of sclerostin, they appear to have an inhibitory effect on HSC support \[[@R7],[@R41]\].

Even OC, as well as activated endothelial cells, are likely involved in the mobilization of HSC by cytokine induced CAM expression. Being the only cells capable of bone resorption, in addition to allowing the renewal of the skeleton, they also open the space in the bone marrow for hematopoietic cells. OC contribute to HSC release *via* enzyme secretion, which enhances mobilization. Moreover, osteoclastic bone resorption releases calcium, which attracts and retains calcium sensing receptor expressing HSC at the endosteal region. Bone resorption also produces TGF-β which can act on HSC.

Macrophages play diverse roles in the bone and marrow. At the sites of bone remodeling, they are juxtaposed with endosteal OB and participate in bone mineralization. Moreover, CD169+ macrophages promote HSC retention in the bone marrow. A subset of HSC is located in close proximity to megakaryocytes in the bone marrow, where OB undergo rapid expansion in response to the secretion of megakaryocyte-derived mesenchymal growth factors, such as platelet derived growth factor (PDGF)-β, to promote HSC proliferation \[[@R7]\].

The bone marrow microenvironment can also act as a niche for the onset and progression of neoplastic diseases, including both hematologic malignancies and metastases of solid tumors, mainly breast and prostatic cancer. In multiple myeloma, an osteolytic hematological malignancy characterized by an important skeletal involvement, neoplastic plasma cells produce a large amount of mediators that induce osteoclastic bone resorption and block the activity of OB. In addition to osteolytic factors, myeloma cells produce DKK1, which inhibits OBP differentiation by binding to the LRP5/6 coreceptors expressed on their surface \[[@R82]\]. On the other hand, the same bone cells produce growth factors and angiogenetic cytokines able to support the development and progression of myeloma, perpetuating a vicious circle of mutual reinforcement \[[@R83],[@R84]\].

A promising new field of interest in this regard is the osteo-immune-oncology. There is in fact a close relationship between immune regulation of bone turnover and tumor growth. Often, cancer cells express RANK and in proneoplastic inflammation various cell types express RANKL that acts as chemotactic factor favoring the skeletal metastasis. Tumor cells in the bone cause activation of osteoclasts that mediate bone resorption and additional growth factor release from the bone matrix, fueling a vicious circle of impaired bone turnover and tumor proliferation (Fig. **[5](#F5){ref-type="fig"}**). In skeletal metastases, the production of OPG by OB is also decreased, thus favoring further osteolysis. Not always the tumor associated inflammation is the expression of an immune system that successfully opposes the neoplastic growth, as previously believed, but sometimes some patterns of immune activation can be facilitators of the development of tumors. This kind of proneoplastic inflammation is the same that supports a proresorptive immune phenotype. Then the block of RANKL, in addition to inhibiting bone resorption, also decreases tumor growth, enhances apoptosis of malignant cells and diminishes proneoplastic inflammation.

Osteal macrophages, as well as macrophages in other tissues, have a role in tumor progression, supporting cancers which preferentially metastasize to the skeleton, in particular breast and prostate cancer. Macrophages, tumor cells and skeletal cells orchestrate complex immune reactions. Osteal macrophages expressing CD68, a phagocytic capacity marker of cells infiltrating metastatic lesions, could facilitate tumor establishment and growth. Tumor-derived PTHrP drives myeloid cell recruitment *via* OB produced CCL2, which is high in the bone microenvironment and whose levels are associated with poor prognoses in primary breast tumors \[[@R45]\].

Fat Tissue and Metabolic Syndrome
---------------------------------

As for bone, adipose tissue is a kind of immune tissue and produces immunoregulatory factors. Adipocytes and OB derive from the same MSC, as well as visceral adipose tissue macrophages and OC derive from the same HSC. Shared transcription factors regulate the shift between the different cell lines and the subsequent differentiation cascade. By action of peroxisome proliferative activated receptor gamma (PPARγ), the principal regulator of adipogenesis, the MSC differentiates into adipocytes rather than into OB. In contrast, the expression of runt-related transcription factor 2 (Runx2), associated with OB differentiation, and Osterix, an OB zinc finger--containing transcription factor, shift the equilibrium towards the osteoblastogenesis \[[@R85],[@R86]\]. In addition, through the induction of cfos, the PPARγ promotes osteoclastogenesis. Mechanical loading promotes OB differentiation and inhibits adipogenesis by down-regulating PPARγ or by stimulating a durable β-catenin signal \[[@R87]\]. Not surprisingly, PPAR agonists such as thiazolidinediones used to increase insulin sensitivity in type 2 diabetes, also increase the risk of osteoporotic fractures.

Adipokines are broadly divided into pro- and anti-inflammatory sub-groups. Leptin is a pro-inflammatory adipokine that exerts its actions *via* central nervous system regulation of feeding behavior, where it promotes satiety and prevents weight gain. Leptin can also directly signal through its receptor expressed on immunocytes, where it induces TNF-α and IL-6 production by monocytes, chemokines by macrophages, and Th1 cytokines from polarized CD4+ T cells. Leptin also supports proliferation of activated T cells. Adiponectin is an anti-inflammatory adipokine whose plasma levels are strongly correlated with insulin sensitivity and glucose tolerance. It can directly interfere with inflammatory cytokine production in macrophages and can induce expression of the anti-inflammatory cytokine IL-10. TNF-α and IL-6 inhibit adiponectin production in adipocytes \[[@R88]\]. Adipose tissue produced pro-inflammatory cytokines and adipokines further modulate the activity of OC and OB. Fat tissue, mainly visceral fat tissue, may increase bone resorption through the production of inflammatory cytokines such as IL- 6 and TNF-α, which stimulate OC activity through the regulation of the RANKL/RANK/OPG pathway \[[@R84]\]. Leptin and adiponectin act on the bone through different signaling pathways with contrasting effects \[[@R90]\] (Table **[2](#T2){ref-type="table"}**). Leptin signaling regulates osteogenesis by skeletal stem cells. It promotes adipogenesis and inhibits osteogenesis in response to diet and adiposity by activating Jak2/Stat3 signaling. Therefore, leptin receptors on skeletal MSC function as a sensor of systemic energy homeostasis \[[@R8],[@R9]\].

Various cell populations within the fat tissue can exacerbate the development of the chronic, low-grade inflammation associated with obesity and metabolic dysfunction. Adipocytes consist of subsets with distinct developmental origins and metabolic functions. White adipocytes store lipid as triglycerides within unilocular droplets, and are responsive to various stimuli, such as insulin. They are classified as subcutaneous or visceral, mainly abdominal, adipocytes. Brown adipocytes store lipid in multilocular droplets that are quickly catabolized for fuel when the tissue is stimulated. Beige adipocytes, dispersed within white adipose tissue, can dissipate heat, similarly to classical brown adipocytes, when exposed to cold temperatures or after prolonged highfat diet feeding. Various immunocytes infiltrate fat tissue and communicate closely with adipocytes. Visceral fat tissue infiltrating macrophages in the setting of diet-induced obesity, have a pro-inflammatory phenotype which initiates and/or exacerbates the chronic inflammation that contributes to adipocyte dysfunction in obesity. Conversely, in lean humans adipose tissue macrophages may promote tissue remodeling and temper inflammation by secreting anti-inflammatory cytokines \[[@R88]\].

Notwithstanding epidemiological evidence indicates that an increase in body mass index (BMI) is related to increased bone mass, probably due to the effects of the mechanical load of the body weight on the skeleton, not always obesity, and mainly the increase in visceral fat mass, has a positive effect on bone. Obesity is associated with increased leptin and decreased adiponectin serum levels \[[@R89]\]. Moreover, in the visceral adipose tissue there are activated macrophages producing cytokines. In obese subjects, especially with central obesity, in which the visceral fat is increased, there is a significant increase of several markers of inflammation such as C reactive protein (CRP), IL-1, IL-6 and TNF-α, that can alter the quality of the bone, making it more fragile. Therefore, these new clinical and experimental evidences definitively connect obesity and other related pathological conditions, such as metabolic syndrome, nonalcoholic fatty liver disease (NAFLD) and diabetes, to impaired bone health and fragility fractures \[[@R90]-[@R93]\]. In conclusion, it is currently emerging that adipose tissue, liver, bone and immune system modulate each other through a complex network of interconnected signals.

Both adipocytes and OB express OPG and RANKL and their modulation is influenced by adipokines, sex hormones, redox balance, PPARγ and liver X receptors (LXR). Osteocalcin, an OB secreted bone matrix noncollagen protein, takes part in calcium metabolism and in bone deposition, as well as in energy homeostasis and glucose metabolism. Fetuin-A, produced by the liver, is involved in the regulation of bone metabolism and insulin action, vascular calcification, neurodegenerative diseases and cancer cell proliferative signaling. OB lineage cells express receptors for adiponectin, leptin, angiotensin II, insulin and insulin-like growth factor-1, able to influence RANK/RANKL/OPG signaling pathway. Interestingly, these hormones are implicated in the pathogenesis of type-II diabetes, obesity and hypertension, all of which are risk factors for metabolic syndrome \[[@R31]\].

The development and progression of diabetes-associated osteoporosis are mediated by the interaction between advanced glycation end products (AGE) and receptor of AGE (RAGE). AGE are the end products of glucose, as well as other sugars, proteins, lipids, and nucleic acids *via* a non-enzymatic glycosylation reaction, able to bind to multiple membrane receptor proteins, including RAGE. AGE/RAGE interaction is involved in the pathophysiological processes of many inflammatory and dysmetabolic diseases. In particular, AGE are involved in the development and progression of osteoporosis by inhibiting proliferation and inducing OB apoptosis. The binding of AGE to organic bone matrix may also increase the fragility of bones. Autophagy is a metabolic process by which eukaryotic cells degrade and recover damaged macromolecules and organelles into autophagosomes Autophagy is upregulated in stressful conditions. However, excessive autophagy is harmful to cells and leads to damage or massive death of cells. AGE-induced autophagy is closely associated with OB proliferation and function. Autophagy deficiency increases oxidative stress levels in OB, decreases bone mineralization and induces RAN-KL secretion \[[@R94]\].

Neuroendocrine System and Major Depression
------------------------------------------

It is well eatablished that several neuroendocrine pathways modulate both immune responses and bone remodeling. In turn, immune factors not only influence neuroendocrine pathways but also induce bone remodeling alterations.

Signals from the sympathetic nervous system are important regulatory components of the HSC niche. Sympathetic nerves produce catecholamines, which are delivered to the bone microenvironment by the blood circulation or by secretion from the nerve endings. HSC express catecholaminergic receptors, suggesting that they are able to directly respond to signals from the sympathetic nervous system. Adrenergic signaling reduces CXCL12 expression in the BM. affecting maintenance of HSC and the differential lineage commitment \[[@R7],[@R95]\].

An association between major depression and osteoporosis has been recognized \[[@R96]-[@R99]\]. The prevalence of low BMD is higher in people with depression than the general population. Interestingly, patients on antidepressant therapy with selective serotonin reuptake inhibitors develop decreased BMD and increased risk of fracture compared to those treated with tricyclic antidepressants such as amitriptyline or patients with untreated depression, who also have a lower BMD compared with healthy controls \[[@R100], [@R101]\]. Neuroendocrine abnormalities of the hypothalamo-pituitary-adrenal (HPA) and sympathoadrenal axes are a common finding in depressed patients leading to increased catecholamine turnover and hypersecretion of corticotropin-releasing hormone (CRH). The hyperproduction of these mediators heavely impacts on bone health. Leptin is expressed in the hypothalamus and pituitary gland, where it modulates corticotropin-releasing hormone and ACTH secretion, probably acting in an autocrine-paracrine manner. Leptin dampens the HPA axis response to many kinds of stresses. It inhibits steroid-hormone secretion from the adrenal cortex but enhances catecolamine release from the adrenal medulla, activating the sympathoadrenal axis \[[@R102]\].

The neuromodulator serotonin or 5-hydroxy-tryptamine (5HT), which is an important vasoactive mediator of allergic reactions, is also likely involved in interactions between the central nervous and immune systems. In addition, it has recently been emerged that proinflammatory cytokines can modulate the central nervous system 5HT signaling, resulting in the conceptualization that 5HT participates in an integrated behavioral response to pathogens and inflammatory events. On the other hand, 5HT is also implicated in the regulation of bone remodeling. 5HT receptor expression on OCy and their precursors is involved in bone metabolism and its mechanoregulation. Moreover, serotonin blocks the proliferation of OCP through the suppression of intracellular transcription factor CREB, which regulates many genes involved in circadian rhythms in different tissues (period 1,2,3 and clock genes) \[[@R103]\].

There are two anatomically and functionally distinct pools of serotonin: the first one, synthesized through the activity of the enzyme tryptophane-hydroxylase type 2 in the central nervous system, where it functions as neurotransmitter; the second one is synthesized in the periphery through the activity of the tryptophane-hydroxylase 1, regulated by the low-density lipoprotein receptor (LDLR)-related protein-5 (LRP5) \[[@R104]\]. The circulating serotonin does not exceed the blood brain barrier and is for 95% produced by intestinal enterochromaffin cells in the intestine, where it stimulates peristalsis in response to the meal. The peripherally produced serotonin acts as a hormone inhibiting bone formation, whereas serotonin produced in the brain functions as a neurotransmitter, enhancing bone formation and limiting bone resorption. The neurological mechanism of action of serotonin on bone implicates also the interaction with the adipokine leptin, in an integrated homeostatic network with fat tissue and metabolism \[[@R105]\] (Fig. **[6](#F6){ref-type="fig"}**).

A portion of 5HT is also produced by the mammary gland, where it acts as an autocrine-paracrine regulator of the epithelial homeostasis exerting antiproliferative and proapoptotic effects. In the course of pregnancy, lactation and menopause, the local serotonin production increases, contributing to the increased bone resorption typical of these phases of the woman\'s life. Small molecules able to specifically inhibit the intestinal tryptophane-hydroxylase and do not cross the blood brain barrier, have recently been proposed for the treatment of osteoporosis \[[@R106],[@R107]\].

In Alzheimer's disease (AD), a neurodegenerative disorder characterized by cortical and cerebrovascular amyloid β peptide (Aβ) deposits, neurofibrillary tangles, chronic inflammation, and neuronal loss, increased bone fracture rates and reduced BMD are commonly observed, suggesting common denominators between both disorders. Amyloid precursor protein (APP) is transmembrane protein involved in AD pathogenesis: APP gene mutations characterize early-onset AD, and many risk factors or genes associated with late-onset AD appear to affect APP trafficking and Aβ production. RAGE, acting as an APP/Aβ binding partner, is therefore implicated in the pathogenesis of both AD and osteoporosis. The role of RAGE in OC maturation and activation is also mediated by its interaction with proinflammatory associated Mac-1/β2 integrin, the S100 family, and the high mobility group box 1(HMGB1). In particular, HMGB1 is a proin-flammatory cytokine released from activated macro-phages, that promotes RANKL-induced OC differentiation in a RAGE-dependent manner \[[@R108]\].

Shared signaling pathways among the complex immunological machineries involved in bone remodeling activate vicious cycles underlying both bone destruction and cancer growth. Bone derived cytokines provide a chemotactic stimulus for tumor cell migration and homing. The release of growth factors in the skeletal microenvironment as a result of osteolysis induced by OC mediated bone resorption enhances metastases and cancer cell proliferation. In addition to the hyperproduction of proinflammatory cytokines, RANK /RANKL signal alterations are central in the pathogenesis of neoplastic osteolysis. The upregulation of RANKL, particularly in myeloma and breast cancer, promotes the growth of neoplastic cells which express RANK and protects them from DNA damage induced programmed cell death. In this context, bone cells may represent potential therapeutic targets in the treatment of both secondary neoplastic osteoporosis and the underlying neoplasia. For example, bisphosphonate treatment of individuals with multiple myeloma reduces osteolytic events and tumor burden as well. The block of RANKL by the monoclonal antibody denosumab, in addition to inhibiting bone resorption, is also useful in reducing tumor growth, in increasing apoptosis of malignant cells and in decreasing the inflammation that supports the neoplasia.

Adipocytes synthesize leptin, which increases in obesity proportionally to BMI. Its predominant effect on bone is through the central nervous system: by stimulating specific receptors (LEPR) on both serotonergic brainstem neurons and the hypothalamic ventromedial nucleus, which interact each other, it increases central sympathetic activity. Inhibitory signals are transmitted through sympathetic fibers from the hypothalamic ventromedial nucleus to β2-adrenergic receptors (β2-AR) expressed on OB, suppressing their differentiation and osteocalcin production. This explains the finding of a reduced risk fracture in patients taking β blockers. Serotonin is synthesized in serotonergic neurons of the central nervous system, exerting various functions in the brain; it is also synthesized in the gut, mediating different peripheral functions. It acts on bone cells using three different receptors: through 5HT1B receptors, it negatively regulates bone mass, while it enhances bone formation through 5HT2B and 5HT2C receptors.

Conclusion and perspectives
===========================

Immune system and skeletal system interact with each other both in physiological and pathological conditions. Considerable progress has been made in clarifying the crosstalk between bone and immune system that occurs in a complex and dynamic bone microenvironment. A central role in this crosstalk is played by proinflammatory and osteoclastogenic cytokines which drive bone resorption. Osteoimmunology therefore represents a new approach to studying osteoporosis that in the past was not considered an inflammatory condition. Moreover, the discoveries of the existence of the immunoskeletal interface has also highlighted interesting repercussions for a wide range of pathological conditions beyond osteoporosis, including infections, autoimmune diseases, and neoplasia, in which same pathogenetic pathways are shared. Osteoporosis could be therefore considered as a systemic model of integrated signaling pathways and cytokines working in a cooperative fashion.

Further important research horizons are opened with the extension of the discoveries of osteoimmunology and the disclosure of the immunoskeletal interface, whose practical implications may provide novel therapies for diseases other than osteoporosis, by targeting specific transcription factors, cytokines and their receptors. The correct understanding and decoding of the complex language through which immune system and bone communicate, although still in its dawn, is the essential requirement for the identification of such potentially useful therapeutic targets for both osteoporosis and other correlated inflammatory conditions, which share same mediators and signaling pathways.
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###### 

Main cytokines involved in bone remodeling.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Cytokine**   **Proresorptive effects**                                                                                               **Antiresorptive effects**
  -------------- ----------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------
  **IL-1**       . TRAF6 expression stimulation, NF-kB induction and MAPK activation\                                                    
                 . OC maturation induction\                                                                                              
                 . PGE2 and RANKL expression induction on OB\                                                                            
                 . enhancement of RANKL induced osteoclastogenesis\                                                                      
                 . amplification of RANKL secretion by stromal cells induced by TNF-α                                                    

  **IL-4**       . induction of TNF-α expression on macrophages through IL-6 action\                                                     . inhibition of RANKL and TNF-α induced osteoclastogenesis\
                 . IL-1 increase                                                                                                         . decrease of COX-2 activity and PG production\
                                                                                                                                         . IL-1 signaling inhibition\
                                                                                                                                         . c-Fos and NFATc1 expression inhibition *via* STAT6\
                                                                                                                                         . RANKL expression inhibition and OPG expression stimulation

  **IL-6**       . inhibition of SHP2/MEK2/ERK and SHP2/PI3K/Akt2 mediated OB differentiation\                                           . OPG increase
                 . RANKL production by synovial and bone marrow stromal cells\                                                           
                 . synergy with IL-1, TNF-α and PGE\                                                                                     
                 . generalized inflammatory effects                                                                                      

  **IL-7**       . T and B cell activation\                                                                                              . osteoclastogenesis decrease directly acting on OC
                 . promotion of RANKL and osteoclastogenic cytokine production by T cells\                                               
                 . synergy with IL-1, TNF-α and IFN-γ                                                                                    

  **IL-8**       . RANKL increase                                                                                                        . NO increase

  **IL-10**      . induction of TNF-α expression (in synergy with IL-4)                                                                  . NO increase\
                                                                                                                                         . increase of OPG and decrease of RANKL expression\
                                                                                                                                         . inhibition of NFATC1, cFos and cJun downstream RANK signaling\
                                                                                                                                         . anti-inflammatory Th1 cell differentiation\
                                                                                                                                         . inflammatory and osteoclastogenic cytokine inhibition

  **IL-11**      . increase of RANKL/OPG ratio                                                                                           . antagonism with IL-6

  **IL-12**      . IL-1 and Th1 derived cytokine induction                                                                               . decrease of T cell induced osteoclastogenesis\
                                                                                                                                         . direct inhibitory effect on osteoclasts\
                                                                                                                                         . synergy with IFN-γ and IL-18

  **IL-13**      . OB inhibition\                                                                                                        . OC inhibition
                 . mineralization blocking                                                                                               

  **IL-15**      . OC differentiation\                                                                                                   
                 . synergy with TNF-α                                                                                                    

  **IL-17**      . induction of RANKL expression on OB, synovial cells and fibroblasts\                                                  
                 . synthesis induction of bone matrix degrading enzymes (MMP)\                                                           
                 . induction of TNF-α and IL6 production by inflammatory cells\                                                          
                 . synergy with TNF-α, IL-1 and PGE                                                                                      

  **IL-18**                                                                                                                              . induction of OPG production from stromal cells\
                                                                                                                                         . induction of GM-CSF and IFN-γ production from T cells\
                                                                                                                                         . RANKL signaling inhibition

  **Cytokine**   **Proresorptive effects**                                                                                               **Antiresorptive effects**

  **IL-23**      . OC activation in inflammatory pathologies\                                                                            . OC inhibition in physiological condition\
                 . Th17 increase\                                                                                                        . fusion inhibition of OCP\
                 . IL-17 and RANKL induction                                                                                             . inhibition of OC survival\
                                                                                                                                         . decrease OC maturation *via* T cells\
                                                                                                                                         . synergy with IL-18 in inhibiting osteoclastogenesis

  **IL-31**      . stimulation of proinflammatory cytokine, chemokine and matrix metalloproteinase secretion (TNF-α, IL-1β, IL-8, MMP)   

  **IL-32**      . proinflammatory cytokine production stimulation\                                                                      . OC maturation blocking
                 . OCP differentiation induction                                                                                         

  **IL-33**      . TNF-α expression induction\                                                                                           . synergy with IL-4\
                 . bone resorption induction (in synergy with IL-6)                                                                      . OCP and OC inhibition

  **TNF-α**      . M-CSF and RANKL expression induction and inflammation\                                                                
                 . OC transcription factor (TRAF2, NF-kB) activation through TNF-R1\                                                     
                 . OBP maturation inhibition, OB activity inhibition and OB apoptosis induction\                                         
                 . induction of negative regulators of the Wnt pathway expression\                                                       
                 . inhibition of genes involved in bone formation (APH, 1,25-(OH)2 D3 receptor, PTH receptor)                            

  **TGF-β**      . promotion of RANKL induced osteoclastogenesis                                                                         . inhibition of T cell activation and bone resorption\
                                                                                                                                         . proinflammatory cytokine production down-modulation\
                                                                                                                                         . induction of OC apoptosis and OPG production by OB\
                                                                                                                                         . OBP migration to sites of bone resorption and OBP differentiation

  **INF-γ**      . MHCII antigen expression induction on APC\                                                                            . TRAF6 proteosomal degradation through specific OC receptors\
                 . antigen presentation enhancement and T cell activation\                                                               . cathepsin K decrease\
                 . osteoclastogenic cytokine production enhancement\                                                                     . decrease of 1,25-(OH)2 D3, PTH and IL-1 mediated osteoclastogenesis\
                 . synergy with IL-12                                                                                                    . antagonism with TNF-α

  **SOFAT**      . direct promotion of osteoclastogenesis in a RANKL-independent manner\                                                 
                 . induction of IL-6 production by OB                                                                                    

  **M-CSF**      . RANK expression upregulation on OCP\                                                                                  
                 . OCP pool expansion\                                                                                                   
                 . OC formation (in synergy with RANKL)\                                                                                 
                 . monocyte/macrophage lineage differentiation                                                                           

  **G-CSF**      . OB apoptosis\                                                                                                         . RANKL signaling inhibition\
                 . MSC apoptosis                                                                                                         . granulocyte differentiation

  **HMGB1**      . RAGE-dependent RANKL-induced OC differentiation                                                                       
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** GM-CSF, granulocyte-macrophage colony-stimulating factor; M-CSF, monocyte/macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; RANK, receptor activator of nuclear factor-κB; RANKL, receptor activator of nuclear factor-κB ligand; Th, T-helper; TNF, tumor necrosis factor; TGF, transforming growth factor; OC, osteoclast; OCP, osteoclast precursor; OB, osteoblast; OBP, osteoblast precursor; SOFAT, secreted osteoclastogenic factor of activated T cells; NFATc, nuclear factor of activated T cells; OPG, osteoprotegerin; NO, nitric oxide; TRAF, TNF receptor associated factor; STAT, signal transducer and activator of transcription; PTH, parathyroid hormone; PG, prostaglandin; MHCII, major histocompatibility complex-class II; APC, antigen presenting cells; 1,25-(OH)2 D3, dihydroxyvitamin D3; APH, alkaline phosphatase; MMP, matrix metalloproteinase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-R, TNF-receptor; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinases; PI3K, phosphatidylinositol-3-kinase; Wnt, Wingless pathway; HMGB1, high mobility group box 1.

###### 

Leptin and adiponectin modulation of bone turnover.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Adipokine**   **Mechanism of action**
  --------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Leptin          • Stimulation of osteoblastic bone formation and OPG production through specific receptors (direct mechanism)\
                  • Stimulation of adrenergic receptors on OB inducing apoptosis (indirect neuro-mediated mechanism)\
                  • Induction of inflammatory osteoclastogenic cytokine production by cells of the immune system (indirect immune-mediated mechanism)\
                  • Enhancement of hepatic secretion of IGFBP-2, that increases both insulin sensitivity and OC differentiation\
                  • Decrease of renal expression of the 25-hydroxyvitamin D3 1α-hydroxylase gene and FGF-23 increased production by OB, resulting in reduced phosphate resorption and 1,25(OH)2D3 synthesis

  Adiponectin     • Stimulation of OB proliferation, maturation and function\
                  • Enhancement of RANKL secretion by OB\
                  • Inhibition of OPG secretion by OB\
                  • Inhibition of RANKL induced osteoclastogenesis by interacting with its adaptor molecule APPL1 in OC
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** Osteoprotegerin (OPG); Osteoblasts (OB); IGF binding protein 2 (IGFBP-2); Osteoclasts (OC); 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3); Phosphaturic factor fibroblast growth factor 23 (FGF-23); Adaptor protein containing pleckstrin homology domain, phosphotyrosine domain, and leucine zipper motif (APPL1)
